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complex interplay between ciliary beat and airway surface liquid (ASL) transport. In the present study,
direct, quasi-simultaneous measurements of the cilia-induced ﬂuid and bead transport were performed
to gain a better insight into both transport mechanisms. In this study cilia-induced periciliary liquid
(PCL) transport is measured by means of micro Particle Image Velocimetry (mPIV) with neutrally
buoyant tracers. Particle Tracking Velocimetry (PTV) with heavier polystyrene-ferrite beads is
performed to simulate particle transport. Contrary to recent literature, in which the presence of mucus
was deemed necessary to maintain periciliary liquid (PCL) transport, effective particle and ﬂuid
transport was measured in our experiments in the absence of mucus. In response to muscarine or ATP
stimulation, maximum ﬂuid transport rates of 250 mm=s at 15 mm distance to the tracheal epithelia
were measured while bead transport rates over the epithelia surfaces reached 200 mm=s. We estimated
that the mean bead transport is dominated by viscous drag compared to inertial ﬂuid forces.
Furthermore, mean bead transport velocities appear to be two orders of magnitude larger compared
to bead sedimentation velocities. Therefore, beads are expected to closely follow the mean PCL ﬂow in
non-ciliated epithelium regions. Based on our results, we have shown that PCL transport can be directly
driven by the cilia beat and that the PCL motion may be capable of driving bead transport by ﬂuid drag.
& 2012 Published by Elsevier Ltd.Open access under the Elsevier OA license.1. Introduction
Mucociliary clearance is a primary innate defense mechanism
that serves to eliminate inhaled particles and bacteria from the
conducting airways of the respiratory tract. Its structural basis
consists of the respiratory epithelium and the airway surface liquid
(ASL). It is composed of a tangled polymer network of large and
extensively glycosylated macromolecules (mucins) that is referred
to as mucus, and an underlying low-viscosity periciliary liquid (PCL)
(Knowles and Boucher, 2002). Fig. 1a shows a sketch of a ciliated
epithelium with ASL. The driving force of ASL transport is generated
by beating cilia. Airway cilia are cylindrical cell extensions with a
typical length of 510 mm and a typical thickness of 0:25 mm that
actively beat with a frequency of 15–30 Hz by ATP-dependent
tubulin–dynein interaction (Crystal et al., 1997). Ciliated airway
epithelial cells carry approximately 160–200 of such cilia thatong).
ess under the Elsevier OA license.co-ordinately beat towards the larynx. Basal, secretory and ciliated
cells form the epithelium that line the inside of the airway. A ciliated
epithelium of a mouse trachea can be seen in Fig. 1c. Disorders in
ASL production or transport, such as impaired ciliary beat in
immotile cilia syndromes and imbalance of ASL composition in
cystic ﬁbrosis, have severe impact on mucociliary clearance, and can
lead to serious, even life-shortening diseases (Donaldson and
Boucher, 2007; Mall, 2008; Mo¨ller et al., 2006; Mossberg et al.,
1978). Despite extensive research, the mechanical coupling of ciliary
beat to effective ASL transport is only fragmentarily understood and
a matter of ongoing discussion (Braiman and Priel, 2008; Donaldson
et al., 2006; Fahy and Dickey, 2010; Francis et al., 2009; Klein et al.,
2009; Knowles and Boucher, 2002; Ko¨nig et al., 2009; Mall, 2008;
Sleigh et al., 1988). According to the currently accepted concept, the
ciliary tips touch the mucus layer during the power stroke, but not
so during the recovery stroke. As a consequence, they would act on
the lower surface of the mucus sheet to move mucus unidirection-
ally, and periciliary ﬂuid transport would be initiated by the
frictional interaction with the mucus layer (Knowles and Boucher,
2002). The model originates from cell culture experiments of
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fast together but that PCL transport reduces by more than 80% after
mucus removal, leading to a hypothesis that PCL is mainly driven by
frictional coupling with the mucus. Based upon this concept,
mechanistic studies on transport characteristics on surfaces of
explanted mammalian airways have carefully avoided the removal
of the mucus layer (Henning et al., 2008; Ryser et al., 2007). On the
contrary, in the absence of mucus, effective ﬂuid transport in the
amphibian upper digestive tract has been shown to generate ﬂow
up to several hundreds of micrometers above its surface when
submerged in frog Ringer buffer (Wilson et al., 1975). Recently, rapid
cilia-driven bead transport was measured over dissected and
mucus-freed trachea sections (see Fig. 1b and c) of mice (Klein
et al., 2009; Ko¨nig et al., 2009).
In the present study, particle tracking velocimetry (PTV)
measurements of the bead transport as done by Ko¨nig et al.
(2009) and Klein et al. (2009) are complemented with measure-
ments of the ﬂuid transport by means of microscopic particle
image velocimetry (mPIV) measurements. Quantitative, spatially
resolved velocity ﬁelds at micron scale can be obtained by this
measurement technique (Adrian, 1984; Dudderar and Simpkins,
1977; Willert and Gharib, 1991). The mPIV measurement techniqueFig. 1. Airway cilia (160–200) grow on one ciliated cell (Crystal et al., 1997).
(a) Sketch of in vivo airway epithelium with periciliary liquid (PCL) and mucus; (b)
sketch of airway epithelium after mucus removal as used in this study; (c) REM
picture of a mouse trachea epithelium. Only one-third of all trachea cells in a wild-
type mouse are ciliated cells (Klein et al., 2009).
Fig. 2. (a) Schematic drawing of the experimental set-up. An upright ﬂuorescence mi
transport. Two different particle groups are present in the ﬂuid so that bright-ﬁeld reco
taken quasi-simultaneously. A 12-bit double-frame CCD-camera records the Protein G-c
the rhodamine-B-coated tracers in PIV mode, respectively. The set-up is equipped with
camera, and the data acquisition and storage are synchronized by a PC internal trigger an
at the moment of the mouse termination and is referred to as the zero reference time.has recently been applied to visualize blood ﬂows in biological
systems (Hove et al., 2003; Vennemann et al., 2006; Groenendijk
et al., 2008; Poelma et al., 2008; Nesbitt et al., 2009; Poelma et al.,
2010). Our results show that not only a signiﬁcant transport of
beads (Klein et al., 2009; Ko¨nig et al., 2009) but also a signiﬁcant
transport of ﬂuid takes place in the absence of mucus. Hence, we
hypothesize that directed ﬂuid transport on mammalian airway
surfaces may not require the presence of a mucus layer and,
instead, can be directly achieved in a Newtonian ﬂuid with the
characteristics of the periciliary ﬂuid.2. Materials and methods
2.1. Animals
Wild-type mice of the lineage C57Bl/6 were terminated by inhalation of
isoﬂuorane, and the trachea was dissected immediately. The trachea, a tube of
approximately 5 mm in length and 2 mm in diameter, was cut open along the
entire length of the dorsal wall. The trachea immediately assumed a half-pipe
shape due to residual stresses in the closed cartilage structures. The half-pipe
shape was retained during the measurements. The sample was cleaned with a
HEPES-buffered Ringer solution and ﬁxed in a Petri dish with two preparation
needles. The Petri dish was ﬁlled with 1.5 ml heated HEPES-Ringer and placed on a
heating plate. The temperature of the buffer was kept constant at 30 1C during the
whole preparation and measurement procedure. Explanted tracheae survived and
maintained cellular functions for more than 4 h under such conditions.2.2. Tracer particles
Since we performed measurements from a head-on view, background noise of
the underlying epithelium was avoided by using ﬂuorescence microscopy making
use of rhodamine-B ﬂuorescently labeled polyethylene-glycol (PEG) coated poly-
styrene particles (Microparticles GmbH). These particles have a nominal diameter
of 0:56 mm and a speciﬁc gravity of 1.05, so they remain in suspension and follow
the ﬂow. The PEG particle coating makes the tracer surface hydrophilic. During
previous experiments in the embryonic chicken hearts, no interaction between the
biological system and the PEG-coated polystyrene tracers was observed
(Vennemann et al., 2007; Groenendijk et al., 2008; Poelma et al., 2008, 2010). In
the present study, the suspended tracer particles at a volume concentration of
approximately 0.003 vol% did not excite any noticeable mucus production during
the measurements. In recent studies (Klein et al., 2009; Ko¨nig et al., 2009),
coordinated cilia motion was observed using Protein-G-coated ferrite-polystyrene
beads of speciﬁc gravity of 1.37 (Dynabeads Protein G, DYNAL Invitrogen). A
Protein G coating makes the heavy beads non-toxic for biological systems. In this
study the same kind of beads of 2:8 mm nominal diameter were used (0.003 vol%).
Before the measurements both the rhodamine-B-coated ﬂow tracers and the
DYNAL beads were added to the ﬂuid in which the sample was ﬁxed.croscope was used to perform measurements of the cilia induced bead and ﬂuid
rdings of the bead transport and mPIV measurements of the ﬂuid transport can be
oated ferrite-polystyrene beads in bright-ﬁeld mode and the ﬂuorescence signal of
a dual-cavity laser, which illuminates the sample in the Petri dish. The laser, the
d timing unit. (b) Time line of the experimental protocol. The time protocol started
The last measurement was completed after 91 min from the start of the protocol.
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Fig. 3. (a) A preprocessed bright-ﬁeld picture of a typical ciliated epithelial surface
in a mouse trachea is shown. Ciliated cell groups are outlined in white; cilia free
regions appear black. The regions labeled ‘1’ to ‘3’ are discussed in Section 3.1.
(b) Discrete locations of bead positions with a speciﬁc gravity of 1.3 are indicated
by red dots, and their corresponding pathlines are indicated in blue. The ﬂuid
velocity ﬁeld at a plane 15 mm above the epithelium surface is shown in black.
(c) Vector ﬁeld and the contour plot of the in-plane ﬂuid velocities 15 mm above
the epithelium surface. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
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Fig. 2a shows a schematic drawing of the experimental set-up consisting of an
upright ﬂuorescence microscope (NIKON ECLIPSE FN1) and a PIV measurement
system. The Petri dish with the ﬁxed trachea sample was clamped onto a heating
plate unit (Bioptechs, Butler, PA, USA), which was placed in a machined sample
holder on the microscope table, so that the Petri dish, the heating plate, and the
microscope table formed a ﬁxed unit. The heating unit was equipped with a
temperature sensor that was placed into the buffer solution during the experi-
ments to ensure a constant liquid temperature in the Petri dish. The measured
temperature regulated the heating plate in a feedback loop. A water dipping lens
(Nikon CFI Apo 40XW NIR) of 40 magniﬁcation and of a numerical aperture
NA¼0.8 was used so that the observation area, commonly called the ﬁeld of view
and hence on referred to as FOV, was 222 168 mm2. The focal plane for this
objective is situated at a working distance WD¼3.5 mm with a depth of ﬁeld of
3 mm. The measurement volume could be illuminated either with the laser light
from above or with the built-in halogen light source from below for bright-ﬁeld
illumination. For the epiﬂuorescence recordings, the sample was illuminated by a
frequency-doubled Nd:YAG laser (Solo PIV III, New Wave), and the pictures were
recorded with a 12-bit double-frame CCD-camera (Imager Intense, LaVision) at
a 4.95 Hz repetition rate. The laser, the camera, the data acquisition, and the data
storage were synchronized by a trigger and timing unit (PTU-8, LaVision GmbH)
built in the PC.
2.4. Experimental procedure
The measurements on living cilia required a precise and repeatable timing
protocol, which starts at the moment of the mouse termination and is referred to
from here on as the zero reference time. Within the following 20 min the trachea
was prepared, positioned in the Petri dish, and submerged in Ringer buffer
solution. The Petri dish was then ﬁxed on the heating plate under the microscope.
Tracers and beads were added and mixed with the Petri dish liquid 2 min before
the ﬁrst measurement to ensure a homogeneous particle distribution. Forty
minutes after the zero reference time, the ciliary beat has reached its baseline
beat frequency of approximately 9 Hz (Ko¨nig et al., 2009). The ﬁrst bright-ﬁeld
pictures are taken close to the epithelium surface for the PTV evaluation of the
bead transport. Immediately afterwards, laser-illuminated images of the ﬂuores-
cent ﬂuid tracers are acquired for the determination of the PCL transport. The time
line is summarized in Fig. 2b. Measurements were carried out with eight different
mice. Three identical measurement series were performed on each trachea
sample. Each measurement series consisted of recordings in eight measurement
planes. In the ﬁrst measurement plane the motion of the heavy beads on the
epithelium surface was recorded, hence on referred to as the reference plane; the
ﬂuid motion was recorded in subsequent measurement planes, which were taken
at distances of 5, 10, 15, 25, 35, 55 and 75 mm from the reference plane. During the
ﬁrst measurement series the bead and ﬂuid transport for the baseline ciliary beat
(basal condition) was recorded. Five minutes before the second measurement
series the beat frequency was stimulated by addition of muscarine with a ﬁnal
concentration of 104 M. The ﬁnal measurement series was performed 3 min after
ATP was added to the buffer solution at a concentration of 104 M. ATP
stimulation of the ciliary beat served to test the full functionality and response
of the cilia at the end of the measurement procedure. In this way measurements
on defect samples or samples that experienced failure or damage during the
measurements could be detected and excluded from the results a priori.
2.5. Image processing and data analysis
PCL transport rates as plotted in Fig. 4 are based on the median velocities
extracted from the whole FOV of each measurement plane. To determine velocity
proﬁles above ciliated regions, ciliated cell positions relative to the focal plane
were determined by identifying in-focus tracers attached to cilia. Subsequently,
the relative distances between the selected ciliated regions and the measurement
planes were reconstructed for ciliated regions of 5 mm height difference as
indicated on the left hand side of Fig. 5. The resulting velocity proﬁles above
ciliated regions are shown on the right hand side of Fig. 5.
Conventional wall positioning methods use an extrapolation of the a priori
known velocity proﬁle to the zero velocity position (Stone et al., 2002;
Vennemann et al., 2007; Poelma et al., 2008; Rossi et al., 2009, 2010). This method
is not applicable in our case, since the epithelium surface is covered with beating
cilia, resulting in an unknown velocity proﬁle close to the surface. We veriﬁed that
for all measurements out-of-plane height differences of the epithelium relative to
the measurement plane were below 15 mm over the whole FOV of 222 168 mm2.
Using the Matlab image processing toolkit, a simple two-step PTV code was
used to reconstruct the instantaneous bead displacements. Two hundred bright-
ﬁeld recordings were taken, and the bead transport was determined from the
median value of all measured bead displacements. The mPIV image evaluation
procedure was done with a commercial code (DAVIS 7.2, LaVision GmbH). It
included image preprocessing steps to enhance the visibility of the particle imageswith respect to the background image; the determination of the ﬂuid velocities via
PIV evaluation and several post-processing steps, to eliminate erroneous velocity
vectors (see Hussong, 2011). A vector spacing of approximately 5 mm was
achieved, which corresponds to a velocity information density of four to nine
vectors over one epithelium cell.3. Results
3.1. Spatial distribution of bead and PCL velocities
Fig. 3a shows a head-on view of a representative epithelial
area of a mouse trachea. In this preprocessed bright-ﬁeld image,
bright regions contain beating cilia, while dark regions appear to
be free of cilia. Since a single cell typically extends over 812 mm,
one ciliated cell group outlined in white is estimated to contain
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surface of the epithelium is shown in Fig. 3b. Bead positions, as
they were located in successive frames, are shown by red dots,
and their corresponding pathlines are drawn in blue. In this PTV
result, beads were observed to partially follow speciﬁc pathlines.
We anticipate that this is due to bead pathlines that tend to
merge as shown in Fig. 3b. The time-averaged ﬂuid velocity ﬁeld
15 mm above the epithelium surface is added in Fig. 3b to
qualitatively compare bead and ﬂuid transport. The net transport
of beads and ﬂuid is directionally consistent with only some local
deviations. The time-averaged ﬂuid velocity ﬁeld that results from
the PIV analysis of a measurement taken 15 mm above the
identical trachea section is shown in Fig. 3c. The velocity magni-
tudes are presented by colour-coded contour levels. The outlines
of ciliated cell groups as shown in Fig. 3a have been superimposed
on Fig. 3c to enable visual comparison of regions of higher
velocities and the presence of beating cilia. The average velocity
of the vector ﬁeld shown in Fig. 3c is 46 mm=s. Three distinctive
regions are marked in both Fig. 3a and c with numbers one to
three. Maximum velocities of 141 mm=s were measured at posi-
tion one, where a larger region of approximately 12 actively
beating ciliated cells was identiﬁed. Below-average velocities of
approximately 20 mm=s were measured at region two, where no
beating cilia are located. An intermediate region of scattered,
ciliated cells was identiﬁed at position three, where a slight
velocity increase to 5070 mm=s was observed compared to the
mean velocity.
3.2. Bead and PCL transport
The box plot shown in Fig. 4 summarizes the main results of PCL
and bead transport rates by the ciliated epithelium of mice tracheae.Fig. 4. The box plots show the median (bold line), the 25% and 75% percentiles
(box dimensions) and the extreme deviations (vertical lines) of the measurement
results. An outlier value is marked by a circle. Shown are the measurement results
of bead and ﬂuid transport. The measured bead velocities are represented in blue,
and the ﬂuid velocities at planes 15 mm and 75 mm above the epithelium are
depicted by orange and green bars, respectively. For each group the basal
velocities and the velocities after successive muscarine and ATP stimulation are
illustrated from left to right by a separate bar. The stimulation of the ciliary beat
with muscarine and ATP leads to a signiﬁcant increase in bead and ﬂuid velocities
with respect to the corresponding basal velocities (npr0:05 vs. basal value). The
decrease in ﬂuid transport between the measurement planes 15 mm and 75 mm
above the epithelium surface is signiﬁcant for the stimulated transport (#pr0:05
vs. plane 15 mm above epithelium). Fluid transport rates measured by PIV in a
plane 15 mm above epithelium were signiﬁcantly higher than the bead transport
rates (þpr0:05 vs. corresponding PTV) before and after stimulation. Statistical
analysis: global Friedman test followed by a Wilcoxon test to compare selected
points in time. (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)Signiﬁcance tests were performed with SPSS based on eight trachea
samples (n¼ 8). The statistical analysis included a global Friedman
test followed by a Wilcoxon test to compare selected points in time.
For each trachea sample, one median bead velocity and two median
ﬂuid velocities are included, where the median is taken across the
entire FOV at three experimental conditions: (i) before stimulation
of the cilia beat (basal), (ii) after addition of the stimulant muscarine
(M), and (iii) after addition of the stimulant ATP (ATP) as labeled
below the plot. The stimulation process is described in the Methods
section. Measured bead velocities are shown on the left side in Fig. 4,
represented by blue-colored box plots. In the middle and on the
right side the ﬂuid velocity measurements are displayed in orange
and green in planes at approximately 2–3 and 9–13 cilia lengths
above the epithelium, respectively. Stimulated bead and ﬂuid
transport rates were signiﬁcantly higher than the corresponding
basal transport (po0:05). The addition of both stimuli, namely
muscarine and ATP, resulted in a transport rate not signiﬁcantly
distinguishable from each other (p40:05). Median bead velocities
of approximately 25 mm=s for the basal case and 110 mm=s for the
stimulated cases were measured at the surface of the epithelium.
Median ﬂuid velocities of approximately 50 mm=s and 150 mm=s
were measured before and after stimulation at 2–3 cilia lengths
above the epithelium. Thus, the stimuli produced a bead velocity
increase by a factor of approximately four and a ﬂuid transport
increase by a factor of approximately three as compared with the
basal condition. The effect of the cilia beat on the ﬂuid further away
from the epithelium was investigated by performing a signiﬁcance
test between the ﬂuid transport measured approximately at 2–3 and
9–13 cilia lengths above the surface. A signiﬁcant decrease of 14–
33% in the stimulated ﬂuid transport is evident to transport rates of
105120 mm=s medial in the highest plane. The difference in ﬂuid
transport at these two planes was not statistically signiﬁcant in the
unstimulated (basal) case due to variability in the data between
samples. (The apparent statistical outlier in measured basal velocity
9–13 cilia lengths above the epithelium shown in Fig. 4 is included
in the calculation.)
The Reynolds number of the bead transport is in the order of
Reb ¼ vbDb=nOð105104Þ, where Db refers to the nominal bead
diameter, n is the kinematic viscosity of the ﬂuid and vb are the
median bead velocities of the basal and stimulated ﬂow. The relative
importance of gravity and lift on the bead motion compared to
viscous drag can be estimated with the help of the measured time-
averaged bead and PCL transport rates. Lift forces occur in the
presence of velocity-gradient-induced bead rotation (Happel and
Brenner, 1973). In a stationary shear ﬂow the ratio between lift
and viscous drag forces can be estimated to (Saffman, 1965; Maxey
and Riley, 1983): Flift=Fd Oð
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðD2b=nÞ du=dy
q
Oð103Þ, where the
local velocity gradient du=dy is estimated from the PCL velocity
difference between uðz¼ 0Þ  0 at the non-ciliated epithelium
surface and uðz¼ 15 mmÞ  50150 mm=s as acquired from mPIV
measurements.
3.3. PCL velocities above single ciliated cells
The right hand side of Fig. 5 reveals further details regard-
ing the epithelium-parallel velocity as a function of the distance
from the surface. Two velocity proﬁles are shown as they were
measured over ﬁve single ciliated cells of one representative
mouse before (black curve) and after the cilia beat was stimulated
with muscarine (red curve). The uncertainty of the epithelium-
normal location of the measurement plane is represented by the
vertical error bars. The horizontal error bars show the range of
ﬂuid velocities measured in each plane above the identiﬁed
ciliated cells. No ﬂuid velocities could be measured in planes of
distances less than 10 mm to the ciliated cells since the signal of
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Fig. 5. Left: reconstruction of the distances between measurement planes and ciliated cells. Right: two epithelium-normal proﬁles of the in-plane velocity component
were measured over ﬁve ciliated cells of one trachea. The net ﬂuid transport was measured before (black line), and after stimulation of the ciliary beat with muscarine (red
line). The results show a continuous decrease in net ﬂuid transport with increasing distance to the epithelium. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
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suspended particles, thereby spreading the correlation peak and
resulting in erroneous vectors. Supporting the composite statis-
tics in Fig. 4, a noticeable decrease in ﬂuid transport velocity was
observed in the measurement plane at 75 mm from the epithe-
lium surface as compared to the ﬂuid velocity 15 mm above the
epithelium. The velocity proﬁles in Fig. 5 show that net ﬂuid
transport for this sample continually decreases with increasing
distance to the epithelium surface.4. Discussion and conclusions
In the present study, time averaged cilia-induced ﬂuid and
bead transport rates were measured quasi-simultaneously above
mucus-freed, ciliated-surface areas of the mouse trachea. The
cilia-driven ﬂuid transport was measured directly by means of
mPIV measurements with neutrally buoyant tracers.
While heavy beads provide only insight in the wall-close
transport process, direct measurement techniques such as the
PIV technique are necessary to correctly quantify the spatial
distribution of the PCL transport. In the present study, PCL
transport rates were shown to decrease with increasing spacing
to the tracheal epithelium.
Median bead velocities of approximately 25 mm=s basal and
110 mm=s stimulated were measured at the surface of the
epithelium. Time averaged ﬂuid velocities of approximately
50 mm=s and 150 mm=s stimulated were measured in a plane
parallel to and above the epithelium surface at a distance of
approximately 23 times a cilia length. According to recent
studies, PCL transport would be initiated by the frictional inter-
action with the mucus layer (Knowles and Boucher, 2002), and
therefore no signiﬁcant PCL transport would take place in planes
below the ciliary tips after mucus removal (Matsui et al., 1998).
However, our results show that both effective bead transport at
the surface of the epithelium and effective PCL transport 15 mm
above the epithelium can take place in the absence of mucus.
Mean bead transport velocities are estimated to be two orders
of magnitude larger compared to bead sedimentation velocities.
Thus, in non-ciliated regions beads are expected to closely follow
the PCL motion. We therefore conjecture that in non-ciliated
epithelium regions the presence of bead transport also indicates
the presence of PCL transport.
Based on our results, we have shown that PCL transport can be
directly driven by the cilia beat and that the PCL motion may be
capable of driving bead transport by ﬂuid drag.Conﬂict of interest statement
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